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Interim Report Summary

Problem

Long-term goals for San Francisco Bay development include extensive wetland
restoration. The current wetlands bordering San Pablo Bay are to be increased from 16,200 ha to
42,525 ha by the year 2055 (Project Goals, 1999). Dikes currently protect most of the areas
targeted for restoration. Drying and oxidation of the soils on the landward side of the dikes has
resulted in subsidence such that current soil elevations are often meters below the mean tide
level. Breaching the dikes would result in lakes, not wetlands. Considerable amounts of fill
material are required to raise the elevation of subsided areas to a level that would support aquatic
macrophytes that would in turn trap sediments required to sustain the elevation of the wetland.
For example, the Hamilton Army Airfield site will require approximately 10.6 million cubic
yards of material. Sediments derived from operations and maintenance of navigation channels in
the Bay could be used for this purpose. On one hand this beneficial use of local dredged
materials would save the Government the cost of obtaining other fill material, and on the other
hand save the Government the cost of transporting the material to more distal disposal sites.

The high current levels of mercury in the San Francisco Bay fishery complicate this
potential win-win situation. The San Francisco Bay watershed is impacted by the legacy of
mercury mines in the Coastal Range and placer gold mining in much of the Sierra Nevada
watershed. Wetlands, and particularly intertidal wetlands, are notorious for converting mercury
to methylmercury. Methylmercury is a potent neurotoxin that efficiently biomagnifies in many
aquatic food webs. In this context, the immediate concern of the U.S. Army Corps of Engineers
focuses on the use of mercury containing dredged material for the restoration of wetlands.
However, the level of mercury in these dredged materials will be generally typical of that found
in the majority of the Bay sediments. The larger environmental issue affecting the use of dredged
material for wetland restoration becomes the contribution of Bay salt marshes to mercury in the
Bay fishery, no matter the source of the mercury.

Most of the work in this interim report was designed to address consensus technical
questions formulated at the CALFED Stakeholders' Workshop on Mercury in San Francisco Bay,
held 8-9 October 2002 at Moss Point Landing. These included:

1. What are the present levels of MeHg in SF Bay wetlands with respect to biota, sub-habitats,
and location within the Bay?

What are the rates of MeHg production?

What factors control MeHg production? Can these be managed?

Are some wetlands larger mercury exporters than others?

Can we model/predict the effects of wetland restoration on MeHg production and export?

i

Chapter 1: HAAF Sediment Mercury Pool Sizes and Dynamics in Relation to Primary
Producers
- An exploratory field study was conducted to: (1) measure total Hg and MeHg levels
concurrently in sediments from low marsh (mud), middle marsh (Spartina foliosa), high marsh
(Salicornia virginica), and epipelon-vegetated mud from different locations in and adjacent to
HAAF; (2) determine rates of Hg”" methylation and MeHg demethylation potential in sediments
from low marsh (mud), middle marsh (Spartina foliosa), high marsh (Salicornia virginica), and
epipelon-vegetated mud; and (3) explore the following factors potentially influencing

13



methylation and demethylation rates: illumination, plant species, redox potential and pH, and
composition of the microbial community.

We collected and incubated samples during the period of 9-11 June 2003, i.e. in the dry
season, in two tidal marshes, a marsh bordering the HAAF and a reference marsh. The test site
was situated at the HAAF Bay Edge and the reference site in the China Camp State Park
wetland. Where possible, locations within each site were chosen to represent the low marsh
(mud), middle marsh (Spartina foliosa), and high marsh (Salicornia virginica).

We incubated mud- and vegetated-mud-cores with stable Hg isotopes on site, and
recorded redox potential and pH in the incubated cores. After incubation, the cores were flash-
frozen and shipped to the laboratory for further analyses.

Mean MeHg concentrations in sediments were in the same order of magnitude at HAAF
and China Camp, and ranged from 0.79 to 1.80 ng g DW. Mean MeHg concentrations in the
macrophytes varied between 1.08 ng g”' DW in S. foliosa stems to 5.59 ng g’ DW in S. foliosa
roots. Plant levels usually exceeded those in the sediments in which they rooted, particularly
when incubated under ambient irradiance.

Net MeHg production is the result of methylation and demethylation rates in the
sediment. Methylation rates were 1.44 ng MeHg g"' DW per day in non-vegetated sediments of
HAAF. Rates were usually higher in vegetated than in non-vegetated sediments. Rates were also
usually higher in the light than in darkness. Methylation rates varied with location within the
Bay, and were lower at HAAF than at China Camp. Demethylation rates were 0.59 ng MeHg g™
DW per day in non-vegetated sediments. Rates were equal or lower in vegetated sediments.
Among all sediments studied, the epipelon-vegetated sediment exhibited the highest potential for
net MeHg production, since it had a methylation:demethylation ratio of 12. Bare and S. foliosa -
vegetated sediment had the lowest ratio, i.e. of 2, while S. virginica-vegetated sediment had a
ratio of 7.

Methylation and demethylation rates appear to be higher in the sediment surface layers
than in deeper layers. In the surface layers, the microbial biomass is also highest, and the
composition of the microbial communities is strongly influenced by the presence/absence of
vegetation, and by the vegetating species (epipelon, S. foliosa, S. virginica). The largest
variations in redox potential occur in the surface layer due to tidal inundation and plant-sediment
interactions.

Our mass balance and export estimations are speculative, but begin to frame the problem
and help identify critical information gaps. They are not meant for TMDL use but for the
purpose of identifying current knowledge gaps that prevent the calculation of meaningful
TMDLs. Based on the assumptions detailed in this report our initial estimated annual net MeHg
production of the 2005 HAAF system is 12.8 kg. The annual export of MeHg with tidal waters to
the Bay is projected to be in the order of 0.1 kg (0.8 percent of the MeHg in the top 5 cm of
sediment). These values will serve as the basis for research hypotheses for future work. Although
the levels of MeHg in salt marsh standing biomass are higher than those in the sediment, the
mass of this biomass is much lower that of the 0-5 cm sediment. The MeHg trophic transfer
mechanisms and efficiencies from salt marsh biomasses into Bay fisheries are important but
unknown. Also important but unknown are the roles that the atmosphere serves as a source of
bioavailable mercury and as a sink for mercury volatilized from aquatic systems.

The limited availability of data on Hg and MeHg cycling in salt marshes and the large
variability in the existing data cause large uncertainties in projections using these data. To
decrease this uncertainty we will select key, sensitive parameters on which future efforts should
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focus. These include collecting more data on methylation and demethylation rates of bare and
vegetated sediments using the best techniques, measuring the atmospheric flux of mercury
to/from the salt marsh, measuring the exchange of Hg and MeHg between sediment and tidal
waters, and determining the mechanisms and efficiencies of MeHg transfer in relevant aquatic
food webs originating from the dominant primary producers

Chapter 2: Spatial Distribution and Concentrations of Mercury Species in the Vegetated
Marsh Zones of Salt Marshes Bordering the HAAF Wetland Restoration Site

- The purpose of this study was to determine a tentative relationship between marsh zones and

THg and MeHg levels in the sediments, and assess the THg and MeHg concentrations in live and

dead plant materials collected from these zones.

For this, a tentative relationship between marsh zonation and THg or MeHg
concentrations in the sediment was explored by regrouping previously collected data on mercury
species concentrations in surficial sediment cores according to vegetation zone, and calculating
mean values for each zone. Furthermore, tissues from live plant shoots and of plant detritus were
collected from as many zones as possible, and analyzed for mercury species. The following
zones were distinguished: non-vegetated mudflats, S. foliosa-vegetated tidal marsh, S. virginica-
vegetated upper marsh, and upland-seasonally flooded wetland.

The THg and MeHg levels in the surficial sediments of the marsh zones varied by zone.
The mean THg concentrations in the surface sediments decreased in the order Low marsh>High
marsh>Diked high marsh>Mudflat. No distinct effect of dry and wet season on THg
concentration was noted. Mean THg concentrations, in ng g’ DW, in the dry season were: Low
marsh 346, High marsh 292, Diked high marsh 261, Mudflat 236.

Mean MeHg concentrations increased in the sediments of all zones during the wet season
except in the mudflats. Mean MeHg concentrations, in ng g DW, decreased in the order High
marsh 7.29 >Low marsh 5.17 > Diked high marsh 1.82 > Mudflat 0.73.

In plant shoots, the mean concentrations of THg ranged from 14 to 25 ng g DW, and of
MeHg from 0.17 to 0.96 ng g DW in S. foliosa and S. virginica. THg and MeHg levels in the
plant shoots did not appear to be related to species or zone, but the number of locations sampled
was low. The THg and MeHg levels in plant detritus were far higher than in live shoots, i.e., a
factor of 5 to 8.

Chapter 3: Geochemical Characterization of HAAF Sediment Profiles and Mercury
Species Levels in Macrofauna.
- This chapter details the results obtained from a field study conducted in June, 2003. The
purpose of this effort was to measure total mercury (THg) and methylmercury (MeHg) levels in
the sediment in relation to depth at intertidal sites at Hamilton Army Airfield (HAAF) and China
Camp State Park (as a reference), as well as inland sites at HAAF and Bel Marin Creek. Other
parameters important for the cycling of Hg and MeHg in sediments were also determined with
the goal of establishing site-specific relationships between these parameters and THg and MeHg.
Finally, Hg and MeHg were measured in macrofauna collected at the above-mentioned intertidal
sites for the purpose of calculating site-specific biota-sediment bioaccumulation factors (BAFs).
For sediments, the highest MeHg concentrations were found in the upper 2.5 — 5.1 cm of
the cores, and levels decreased with depth suggesting that conditions for the methylation of
mercury are most favorable near the surface. THg levels increased with depth, correlating
inversely with MeHg. The significance of this is unclear, but may suggest a net loss of mercury
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from the surface through volatilization or surface runoft/tidal transport of MeHg from the
sediment surface. MeHg correlated directly with redox potential (Ey), total organic carbon
(TOC), and phosphorus (P) suggesting that these parameters were associated with MeHg levels
in HAAF marsh sediment. The predicted influence of E; and pH on the bioavailability of
mercury is consistent with the observed MeHg profile with more positive E; values representing
oxic conditions near the surface favoring mercury in the bioavailable Hg’ state, and more
negative Ej values (anoxic) at increasing depths favoring formation of non-bioavailable HgS.
For macrofauna, significant levels of THg and MeHg were detected in tissues of animals
collected at intertidal sites at HAAF and China Camp, suggesting that both THg and MeHg are
available for uptake. MeHg comprised on average 40 % of THg (range 20% to 70%), indicating
that a significant portion of the invertebrate THg body burden is in the form of MeHg.
Calculated BAFs (greater than 1) suggest that MeHg has a strong tendency toward
bioaccumulation, and BAFs for MeHg ranged from about 3 to 50. Snails were the highest Hg
bioaccumulators. Because the diet of these animals is composed largely by plant material, it is
likely that MeHg in plants represents an important MeHg source for terrestrial trophic transfer.

Chapter 4: Bioavailability of Mercury to Benthic Invertebrates: Characterization and
Remediation Effects in HAAF Wetland Sediments
- Many studies have identified the potential adverse effects, bioaccumulation and
biomagnification of Hg. As such, it is imperative that the bioavailability of Hg, and in particular
the MeHg species, be ascertained as part of any assessment of environmental and human risk.
The study incorporated two research goals, (1) to establish baseline bioaccumulation of Hg and
MeHg in a representative and locally abundant benthic organism, the bent nosed clam Macoma
nasuta, and (2) whether Hg uptake might be reduced by the addition of Hg-sorbing materials into
the sediment. In the bioaccumulation experiment we measured the uptake and elimination of
THg and MeHg in M. nasuta exposed to HAAF Bay Edge (SM-1 and SM-10) and the reference
site China Camp State Park (R44) cores. A similar pattern of THg temporal bioaccumulation and
similar final THg body burden at termination of the uptake phase of the experiment suggest that
the bioavailability of THg was similar at all sites. The uptake phase was characterized by a rapid
increase in body burden followed by a slower increase whereas during the elimination phase a
rapid decrease in body burden was followed by a slower decrease. Overall, the bioaccumulation
study indicated that the elimination of Hg is very slow in benthic clams, as the apparent steady
state body burden was not reached following a 56-d exposure. The body burdens of the
experimentally exposed clams were only approximately half of those recorded in clams
inhabiting Bay Edge sediments, further suggesting that longer exposure periods longer than 56-d
are needed for THg to approach apparent steady-state in clam tissues. The tissue MeHg
concentrations varied considerably between replicates throughout the exposure hampering the
observation of temporal changes in body burden during the uptake and elimination phases of the
bioaccumulation experiment.

In the remediation study, sediment from the SM-10 site was used to test the effects of
granular activated carbon (GAC) and sulfonated Kraft lignin on speciation and bioaccumulation
of THg and MeHg in 56-d exposures using M. nasuta. Results were mixed but promising. GAC
significantly decreased the bioaccumulation of spiked MeHg, and MeHg methylated from spiked
Hg”", despite the higher concentration of those substances in the amended sediment, while it did
not affect the bioaccumulation of legacy Me***Hg. We suggest that GAC was more effective in
reducing the uptake of spiked Hg species, since these were more labile and hence were freer to
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associate with GAC particles. In contrast, ambient Hg is more likely to be in closer association
with sediment ligands, and hence would be more refractile and less available for contact with
GAC. We suggest that further experiments should contact sediment with GAC for periods
longer than 16 days, to address efficacy of GAC on ambient Hg availability. Sulfonated Kraft
lignin was extremely soluble in seawater, suggesting a short theoretical contact time with Hg in
the sediments and raising issues of transportation of any lignin-sorbed Hg out of the system.
Therefore, lignin was eliminated as a viable sorption candidate.

Chapter 5: Integrating Physical, Chemical and Biological Processes that Drive Mercury
and Methylmercury Cycling in San Pablo Bay Salt Marshes into a Screening-
Level Model
- The Questions and Decisions ™ (QnD): screening model system was created to provide an
effective tool to incorporate ecosystem and management issues into a user-friendly framework.
The QnD model links the spatial components within GIS files to the prevalent abiotic, climatic,
and biotic interactions in an ecosystem. QnD has a simple design and can be upgraded easily.
This modeling approach has been applied to the Hamilton Army Airfield wetland restoration
project (QnD:HAAF). The purpose of the current QnD:HAAF version 1.0 is to integrate the field
and laboratory data detailed in the preceding chapters of this report. QnD:HAAF is being applied
in an iterative, interactive, manner to identify critical abiotic and biotic drivers of salt marsh
mercury and methylmercury cycling and guide subsequent work on HAAF and San Francisco
Bay salt marshes. It is planned to also incorporate and link scientific, economic and social issues
in a manner that enables the evaluation of their relative impacts through scenario projections. As
further learning occurs, those drivers that are shown to be important can be explored and
subsequently expanded, those judged unimportant be discarded. Whereas these changes would
require substantial code rewriting of other models, they are rapidly made in QnD.

The QnD:HAAF v1.0 is composed by four spatial areas (High Salicornia-vegetated
Marsh, Mid Spartina-vegetated Marsh, Mud Flat, and Sub Tidal), three drivers (day-time light,
dry and wet season, and tide-dependent redox potential), and two processes (methylation and
demethylation). Biota are represented by typical plant and animal species.

Although QnD:HAAF v1.0 development is based for only 10 percent on concepts and
literature data, and for 90 percent on data measured in one year only, i.e. 2003, the model results
have generated several interesting points for discussion and further exploration. Two fourteen-
day scenario’s were simulated, i.e., one scenario representing the wet season (Feb 1 —14, 2004)
and one scenario representing the dry season (June 1 — 14, 2003). Simulated MeHg levels in
biota indicated a significant bioaccumulation potential from lower to higher trophic levels,
regardless of season. Elevation was an important factor influencing net MeHg production.
Simulated MeHg concentrations in the sediment greatly exceeded the measured levels while
simulated methylation and demethylation rates were in the same order of magnitude as measured
values.. The difference between the simulated and measured mercury levels in the sediment and
biota can provide a first estimate of the magnitude of the HAAF mercury export term. Validation
of the value of the HAAF mercury export term and the processes by which this export is realized
is the focus of current work plans.
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Background

In March, 2003, the US Army Engineer District, San Francisco (CESPN) requested an
expansion of pre-construction monitoring of mercury concentrations (total and methylmercury)
in sediments and soils of existing wetlands bordering the Hamilton Army Airfield (HAAF)
Wetlands Restoration Site on San Pablo Bay, California. The purpose of the expanded activities
was to gain site-specific knowledge of the geochemical/geophysical, microbial, predominant
plant- and animal related interactions that affect the stabilization and mobilization of mercury
and methylmercury in the sediments/soils of the area. Based on these results a first-generation
site-specific screening-level model was created for estimating mercury and methylmercury
mobility during wetlands reconstruction.

The potential for methylation of mercury in sediments and soils of tidal marsh and
seasonal wetlands bordering the Hamilton Army Airfield (HAAF) Wetlands Restoration Site was
assessed by same-sample analysis for total mercury (THg) and monomethylmercury (CH;Hg",
MMHg, or MeHg) during the dry season (McFarland et al., 2001, and appendices therein) and
during the wet season in 2002-2003 (McFarland et al. 2001, ----- ,2003a). The surficial 1-2 cm
of sediments at sixty sites (replicated five times) divided among seven locations were sampled.
Results served as the basis for selection of sites for intensive study as described in the HAAF
Mercury Characterization Project Management Plan (MacFarland et al., 2003b). The results of
the subsequent feasibility studies, conducted during 2003 and largely interpreted during 2004,
are described in the current Interim Report 2004.

McFarland, V.A., Clarke, J.U., Lutz, C.H., and MacMillan, D.K. (2002). "Mercury
Concentrations Bordering The Hamilton Army Air Field Remediation Site: September,
2001," Report to USACE District, San Francisco, by USACE Engineer Research and
Development Center, Waterways Experiment Station, Vicksburg, MS, October 4, 2002.

McFarland, V.A., Clarke, J.U., Lutz, C.H., and MacMillan, D.K. (2003a). "Mercury
Concentrations Bordering The Hamilton Army Air Field Remediation Site: February,
2003. Wet Season - Dry Season Contrast," Draft Report to USACE District, San
Francisco, by USACE Engineer Research and Development Center, Waterways
Experiment Station, Vicksburg, MS, September 30, 2003.

McFarland, V.A., Lutz, C.H., Bednar, A.H., Jones, R.P., Fredrickson, H., Ray, G.L., Lotufo,
G.R,, Kiker, G.A., Price, R.A., Sturgis, T., Best, E. (2003b). "Project Management Plan
for Detailed Characterization of Existing Mercury and Methylmercury Contamination
Bordering the Hamilton Army Airfield Wetlands Restoration Site, April — September
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1- HAAF Sediment Mercury Pool Sizes and
Dynamics in Relation to Primary Producers

SUMMARY

An exploratory field study was conducted to: (1) measure total Hg and MeHg levels
concurrently in sediments from low marsh (mud), middle marsh (Spartina foliosa), high marsh
(Salicornia virginica), and epipelon-vegetated mud from different locations in and adjacent to
HAAF; (2) determine rates of Hg>” methylation and MeHg demethylation potential in sediments
from low marsh (mud), middle marsh (Spartina foliosa), high marsh (Salicornia virginica), and
epipelon-vegetated mud; and (3) explore the following factors potentially influencing
methylation and demethylation rates: illumination, plant species, redox potential and pH, and
composition of the microbial community.

We collected and incubated samples during the period of 9-11 June 2003, i.e. in the dry
season, in two tidal marshes, a marsh bordering the HAAF and a reference marsh. The test site
was situated at the HAAF Bay Edge and the reference site in the China Camp State Park
wetland. Where possible, locations within each site were chosen to represent the low marsh
(mud), middle marsh (Spartina foliosa), and high marsh (Salicornia virginica).

We incubated mud- and vegetated-mud-cores with stable Hg isotopes on site, and
recorded redox potential and pH in the incubated cores. After incubation, the cores were flash-
frozen and shipped to the laboratory for further analyses.

Mean MeHg concentrations in sediments were in the same order of magnitude at HAAF
and China Camp, and ranged from 0.79 to 1.80 ng g DW. Mean MeHg concentrations in the
macrophytes varied between 1.08 ng g”' DW in S. foliosa stems to 5.59 ng g' DW in S. foliosa
roots. Plant levels usually exceeded those in the sediments in which they rooted, particularly
when incubated under ambient irradiance.

Net MeHg production is the result of methylation and demethylation rates in the
sediment. Methylation rates were 1.44 ng MeHg g"' DW per day in non-vegetated sediments of
HAAF. Rates were usually higher in vegetated than in non-vegetated sediments. Rates were also
usually higher in the light than in darkness. Methylation rates varied with location within the
Bay, and were lower at HAAF than at China Camp. Demethylation rates were 0.59 ng MeHg g™
DW per day in non-vegetated sediments. Rates were equal or lower in vegetated sediments.
Among all sediments studied, the epipelon-vegetated sediment exhibited the highest potential for
net MeHg production, since it had a methylation:demethylation ratio of 12. Bare and S. foliosa -
vegetated sediment had the lowest ratio, i.e. of 2, while S. virginica-vegetated sediment had a
ratio of 7.

Methylation and demethylation rates appear to be higher in the sediment surface layers
than in deeper layers. In the surface layers, the microbial biomass is also highest, and the
composition of the microbial communities is strongly influenced by the presence/absence of
vegetation, and by the vegetating species (epipelon, S. foliosa, S. virginica). The largest
variations in redox potential occur in the surface layer due to tidal inundation and plant-sediment
interactions.
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Our mass balance and export estimations are speculative, but begin to frame the problem
and help identify critical information gaps. They are not meant for TMDL use but for the
purpose of identifying current knowledge gaps that prevent the calculation of meaningful
TMDLs. Based on the assumptions detailed in this report our initial estimated annual net MeHg
production of the 2005 HAAF system is 12.8 kg. The annual export of MeHg with tidal waters to
the Bay is projected to be in the order of 0.1 kg (0.8 percent of the MeHg in the top 5 cm of
sediment). These values will serve as the basis for research hypotheses for future work. Although
the levels of MeHg in salt marsh standing biomass are higher than those in the sediment, the
mass of this biomass is much lower that of the 0-5 cm sediment. The MeHg trophic transfer
mechanisms and efficiencies from salt marsh biomasses into Bay fisheries are important but
unknown. Also important but unknown are the roles that the atmosphere serves as a source of
bioavailable mercury and as a sink for mercury volatilized from aquatic systems.

The limited availability of data on Hg and MeHg cycling in salt marshes and the large
variability in the existing data cause large uncertainties in projections using these data. To
decrease this uncertainty we will select key, sensitive parameters on which future efforts should
focus. These include collecting more data on methylation and demethylation rates of bare and
vegetated sediments using the best techniques, measuring the atmospheric flux of mercury
to/from the salt marsh, measuring the exchange of Hg and MeHg between sediment and tidal
waters, and determining the mechanisms and efficiencies of MeHg transfer in relevant aquatic
food webs originating from the dominant primary producers

INTRODUCTION

The total Hg (THg) levels in San Francisco Bay sediments range from 0.04 -1.08 pg g™
dry weight. Due to a history of placer gold and mercury mining the Bay's watershed contains
high levels of THg. Furthermore, one of the world's largest Hg mines operated in the South Bay
for many years. This has resulted in total sedimentary THg levels at or higher than those in
sediments relative to other aquatic ecosystems perceived to present a Hg environmental toxicity
risk (e.g., the Everglades). These high levels of total mercury (THg) in the Bay and adjacent
watershed will not be easily changed. Although environmental regulations are based on THg
levels, methylmercury (MeHg) is the most toxic Hg species and cause of the greatest concern.
Levels of MeHg might be effectively managed if we can develop a mechanistic understanding of
its” formation, bioaccumulation into biota, and biomagnification up aquatic food webs.

Although MeHg generally comprises less than 1% of the THg in most soils and
sediments, MeHg generally comprises approximately 99% of the total Hg in biomass. MeHg
biomagnifies up food chains and is neurotoxic. MeHg is the form of Hg that is of greatest
concern with respect to human health and risk assessment. Knowledge of the environmental
factors that control the standing pool size of MeHg, and its introduction into and magnification
up food chains is needed for assessing the potential impacts of MeHg in the San Francisco Bay
system. This is particularly true for the environmental risk posed by the construction of intertidal
wetlands, systems that are known to produce MeHg.

Microorganisms are the agents responsible for both the methylation of Hg*" to MeHg and
the demethylation of MeHg to Hg*". It is unclear why bacteria catalyze these reactions.
Detoxification has been suggested but it is unclear which species of Hg are more toxic to
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bacteria. Electron transport for metabolic energy production is another potential, but unproven,
motivation. Under reducing conditions anaerobic bacteria (especially some sulfate-reducing
bacteria) oxidize sediment organic matter and transfer the resulting electrons through their
cytochrome systems to available electron acceptors. When preferred terminal respiratory electron
acceptors (e.g., sulfate) are limiting, some anaerobic bacteria will use whatever electron acceptor
available to them (perhaps Hg*"+ ¢ — MeHg). Mercury methylation requires the presence of
appropriate bacteria (e.g., some sulfate-reducing bacteria), a bioavailable and reactive form of
mercury, and a carbon and energy source for respiration. Temporally/spatially fluctuating level
of the preferred terminal electron acceptor (e.g., sulfate) appear to stimulate MeHg production.
On the other side of the ledger, many genera of aerobic microorganisms can demethylate MeHg
back to Hg*". This can be a fortuitous process but some microorganisms may be able to benefit
from the carbon and energy produced in this reaction. The standing pool size of MeHg is then
the difference between the rates of the competing methylation and demethylation reactions. The
standing MeHg pool is believed to be very dynamic, but the factors that drive the competing
methylation and demethylation reactions are not currently known. Moreover, the potential for the
standing pool of MeHg to be introduced into the food web is a function of the size of the MeHg
pool and its availability to biota.

Food Web

T

MeHg

Microbially- T O,/ Eh
mediated

Hg?*

Spartina foliosa and Salicornia virginica are the most abundant plant genera at the
HAAF site and will be the dominant genera in the reconstructed wetland. These wetland plants
are typical for the low and high marsh parts, respectively. These aquatic macrophytes trap
sediment particles that sustain the wetland, provide habitat for wetland fauna, and are the main
sources of organic carbon, and energy to the wetland system. Marshes usually serve as net
sources of MeHg in aquatic systems. With respect to mercury geochemistry these dominant
plants will trap mercury-containing sediments in the marsh and affect the microbial metabolism
in their root zones. Accumulation of MeHg directly into plant biomass is probably a major route
of MeHg accommodation into the aquatic food web. However this process is poorly understood,
as is the fate of MeHg in plant detritus.

Marsh plants may accumulate Hg and MeHg in their tissues, and as such serve as sources
for biomagnification of these compounds for higher trophic levels. Additionally, they directly
affect the species composition, and types and levels of metabolic activities of microbial
communities in their root zones. Plants release a variety of organic nutrients that selectively
enhance a beneficial microbial community around their roots. During the photoperiod some
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plants actively pump oxygen from their roots into the sediment. These plant activities create a
metabolically active, diurnally dynamic habitat in surface sediments. In addition, water
inundations driven by tidal cycles profoundly affect physicochemical parameters such as oxygen
diffusion into sediment and advective transport (e.g., sulfate, Hg*", MeHg, Fe*, etc.).

PURPOSE

A large part of the research addressed in this feasibility study (Tasks II and VII in the
Scope of Work for FY2003) was designed to address consensus technical questions formulated
at the CALFED Stakeholders' Workshop on Mercury in San Francisco Bay, held 8-9 October
2002 at Moss Point Landing.

These included:

1. What are the present levels of MeHg in SF Bay wetlands with respect to biota, sub-habitats,
and location within the Bay ?

What are the rates of MeHg production ?

What factors control MeHg production ? Can these be managed?

Are some wetlands larger mercury exporters than others ?

Can we model/predict the effects of wetland restoration on MeHg production and export?

i

This exploratory field study was initiated in 2003 to specifically:

(1) Measure total Hg and MeHg levels in sediments from low marsh (mud), middle marsh
(Spartina foliosa), high marsh (Salicornia virginica), and epipelon-vegetated mud from
different locations in and adjacent to HAAF.

(2) Concurrently measure rates of Hg*" methylation and MeHg demethylation potential in
sediments from low marsh (mud), middle marsh (Spartina foliosa), high marsh
(Salicornia virginica), and epipelon-vegetated mud from different locations in and
adjacent to HAAF.

(3) Explore the following factors potentially influencing methylation and demethylation
rates:

1) illumination

i1) plant species

ii1) redox potential and pH

iv) composition of the microbial community.

STUDY SITE

The Hamilton Army Airfield on San Pablo Bay is part of the San Francisco Baylands. It
is located in the North Bay Subregion. The Baylands consist of the shallow water habitats around
the San Francisco Bay between the maximum and minimum elevations of the tides. The
Baylands ecosystem includes the areas of maximium and minimum tidal fluctuations, adjacent
habitats, and their associated plants and animals. The boundaries of the ecosystem vary with the
bayward and landward movements of fish and wildlife that depend upon the Baylands for
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survival. Many habitats of the Baylands are wetlands. Habitat goals selected for the restored
HAAF include tidal marshes, with natural transitions into upland areas with seasonal wetlands.
The restored HAAF area is expected to increase the habitat of the regionally rare clapper rail,
because it will contain a large tidal wetland and is remote from predator outposts and corridors
(Goals Project, 1999).

We collected and incubated samples in two tidal marshes, a marsh bordering the HAAF
and a reference marsh. The test site was situated at the HAAF Bay Edge (SM-10; 38°03.116 N,
122°29.550W; Fig. 1) and the reference site in the China Camp State Park wetland (R-44; 38°
04.379 N, 122° 28.758 W). Where possible, locations within each site were chosen to represent
the low marsh (mud), middle marsh (Spartina foliosa), and high marsh (Salicornia virginica).

APPROACH

Sediment Sampling

A special sediment corer was constructed by the Engineer Research and Development
Center's (ERDC) shops (Fig. 2). Undisturbed 9.5 cm diameter sediment cores were collected
and used for the on-site incubations to derive methylation and demethylation rate measurements.
This corer was placed over an intact plant, twisted into the sediment to a depth of approximately
20 cm, and used to extract the entire plant, roots, and adjacent sediment. A solution of '*’Hg*"
and CH3200HgJr was injected through pre-drilled ports in the acrylic tube core liner at three
different depths (2.5, 5 and 9-10 cm) of each core. Epipelon, the micro-algal mat complex
growing in patches on the sediment surface, was collected by scraping off the top 1-cm layer of
mat, transferring the material into plastic centrifuge tubes, adding water from the same site, and
amendment with isotopes. After injection of isotopes, all cores and tubes were set back into their
original location and incubated in place for 5 h. Control tubes with epipelon were placed within
the undisturbed vegetation, in which the tubes were exposed to the typical light climate within a
S. foliosa vegetation. This procedure is described below.

Smaller diameter PVC cores (5 cm) were collected immediately adjacent to the large
diameter cores. Sediment samples from 2, 5 and 10 cm depths of these small were analyzed for
polar membrane lipid fatty acid (PLFA) analyses. PLFA analyses provide a measure of
sedimentary microbial community biomass and taxonomic composition. This procedure is
described below.

Light - Dark Core Manipulations

Two approaches were planned to determine the effects of the dominant marsh plants on
microorganisms that mediate Hg”" methylation and MeHg demethylation. Relevant parameters
were measured in the plant root zones and compared to those parameters measured in non-
vegetated areas. However, in practice it was very difficult to find sediment where plant roots
were not present. The second approach was to cover for 5 hours selected vegetated and non-
vegetated sediment cores with black plastic bags, and compare relevant root zone measures in
illuminated and darkened sediment cores (Fig. s 3 and 4).

Redox Potential and pH Measurements

The redox potential (Ey) is a relative measure of oxidizing/reducing conditions in a soil.
En depends on both the presence of electron acceptors (oxygen and other oxidizing agents) and
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pH. In a well-drained soil the E; is in the 400-700 mV range. In flooded conditions Ej values as
low as —300 mV can be found. Microbial transformation rates in soils are strongly influenced by
Ep. Ep’s in root zones of plants, are influenced through oxidation due to oxygen loss from the
plants’ photosynthesis in the light, and through reduction due to the plants’ respiration in
darkness. Sediment redox and pH measurements were taken at the end of the incubation period
using an Orion pH/mV meter (Model 250A ) adapted with a self-manufactured platinum-tip
redox electrode (Boehn 1971; Faulkner et al. 1989), or a pH electrode (Orion model 91-05).
Electrodes were calibrated with quinhydrone solution or pH buffers (Orion, Beverly MA),
respectively, prior to use. Electrodes were inserted into the sediment with the tips contacting
sediment at 2.5, 5, and 10 cm depth at the beginning of the incubation period. E;, was measured
at all sites (2 test and one reference) at three sediment depths, 0.5, 5, and 10 cm, as close as
possible to 3 of the incubated cores. At only one site, i.e. the China Camp reference site, E;, was
measured also inside the darkened and non-darkened cores. E;, values were calculated from
measured mV readings of Pt-electrodes and corrected for the potential of the reference AgCl
electrode (222.34 mV). pH was measured also at all sites, but only in the surface sediment.

Polar Lipid Fatty Acid Analyses

Polar lipid fatty acid analysis has been detailed elsewhere (Fredrickson et al. 1986).
Briefly, a 2 g (wet weight) sediment samples were collected from the frozen cores at depths of 2,
5, and 10 cm. These samples were extracted for 3 hours at room temperature in 6 ml of a mixture
of dichloromethane:methanol:water (1:2:0.8, v:v:v). Amino-propyl solid phase extraction
columns (Supelco, Bellefonte, PA) were used to separate the total lipid into neutral, glyco- and
polar lipid fractions. Phospholipid fatty acid methyl esters (from the polar lipid fraction) were
prepared for gas chromatography/mass spectrometry (GC/MS) by mild alkaline methanolic
transesterification. The resulting phospholipid fatty acid methyl esters were dissolved in hexane
containing methyl nonadecanoate (50 pmol uL™") as an internal standard and analyzed using a
gas chromatograph equipped with a 50m x 0.25mm (ID) DB-1 capillary column (0.1 pm film
thickness, J&W Scientific, Folsom, CA) and a flame ionization detector. Peak identities were
confirmed using a gas chromatograph-mass selective detector (Hewlett Packard GC6890-5973
MSD) with electron impact ionization at 70eV. Areas under the peaks were converted to
concentrations, summed and then normalized to the gram weight extracted for biomass
determinations. For community comparisons, the percent contribution of each peak was
calculated and then normalized using an arcsine square root transformation.

Stable Hg Isotopic Tracer Studies
"Hg(Cl, was used for the methylation assay. '*’HgO (Oak Ridge National Laboratories)

was converted into '*’HgCl, by dissolving 0.690 mg of "*’Hg enriched (91.95 % purity) HgO in 1
mL of hydrochloric acid (10 mM), resulting in a solution with a concentration of 0.588 mg/mL
"Hg. CH;*"HgCl was prepared for the demethylation assay. ’Hg enriched (96.41 % purity)
HgO (Oak Ridge National Laboratories) was synthesized using the methylcobalamin method as
described in Hintelmann et al. (2000). The final isotopic solution had a concentration of 345
ng/mL **’Hg (as Me**’Hg). 250uL of the *’Hg solution were mixed with 266 uL of Me’”’Hg
solution and diluted to 10 mL.

The solution (100 pL) of *’Hg*" and CH3**’Hg” was injected through predrilled ports in
the acrylic tube into three different layers (2, 5 and 9-10 cm) of each core. A total of 1470 ng of
Hg(1I) and 0.918 ng of Me**’Hg were injected into each layer. One set of samples was placed
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into a black plastic bag to assess the effects of plant photosynthesis. After injection of isotopes,
all cores were set back into their original location and incubated in place for 5 h. Incubation was
terminated by quick-freezing of cores, including plants, with dry ice in the field. Samples
remained frozen until analysis in the lab.

Frozen Core Sample Handling

The above ground plant material was cut off from the sediment core and weighed. The
frozen cores were extruded from the plastic tube and cut into 1/2” slices using a diamond tipped
cutting blade. The area injected with mercury isotopes was further isolated by cutting out a 1/2”
strip from the center area around the injection point resulting in a 1/2” x 1/2” x 4” sediment core
containing the injected solution of isotopes. This sub-core was further homogenized and sub-
samples were taken for the various measurements. Root material was obtained by washing a sub-
sample of the isolated core over a fine meshed sieved to remove clay and silt particles from the
roots. The relative amounts of sediments and root material (wet weight) were determined at this
stage. Wet sediment was dried at 50 °C overnight or until weight consistency was obtained to
determine the dry/wet weight ratio (% solids). The loss on ignition (LOI) was determined by
ashing the dried sample at 500 °C for 4 hours or until weight consistency was obtained.

Total Hg Determination

About 0.2 g of sample was weighed into 30 mL acid washed glass vials. 12.2 ng of
HgCl, was added as an internal standard. After addition of 5 mL of concentrated
H,SO4/HNO3, the mixture was left to react for one hour at room temperature. Digestion was
finished by heating vials in an Al block at 120 °C on a hot plate for 3 hours or until formation of
brown nitrous gases had ceased. The digest was diluted with Milli-Q water to the mark.

The concentration of Hg isotopes in the digest was quantified using continuous-flow
cold-vapor generation with ICP/MS detection (Finnigan MAT, Model Element 2). The acidified
sample was continuously mixed with a solution of stannous chloride by means of a peristaltic
pump. The formed mercury vapor was separated from the liquid in a gas-liquid separator (Model
L1-2) and the elemental mercury swept into the plasma of the ICP/MS. The following isotopes of
Hg were measured: '"’Hg (added isotope for the methylation assay), *’’Hg (added isotope for the
demethylation assay), **'Hg (internal standard) and 202Hg (to calculate ambient total Hg).
Concentrations of individual isotopes were calculated using an excel spreadsheet, employing
matrix algebra, as described in Hintelmann and Ogrinc (2003).

201

Methylmercury Determination

A method modified from Hintelmann and Evans (1997) was used. Approximately 0.2 g
of sample was weighed into 30 mL Teflon vials. CH5**'HgCl (55 pg) was added as an internal
standard. 200uL of H,SO4 (9 M) and 500uL of KCI (20%) were added, the vessel placed into a
heating block at 140 °C. Methylmercury distilled from the sample under a supporting nitrogen
stream (80 mL min™"). Distillation time was approximately 60-90 min per sample.

A reaction vessel was filled with 100 ml Milli-Q water, and the distillate was added for
measurement of methylmercury. 0.2 ml of acetate buffer (2 M) was added to adjust the pH to
4.9. Sodium tetraethylborate (100 uL, 1 % w/v) was added and the solution left sitting at room
temperature for 20 min for the tetraethylborate to react. Tenax adsorber traps were connected to
the reaction vessel and the generated methylethylmercury was purged from the solution using
nitrogen (200 mL min™") and collected on the Tenax trap. Finally, mercury species were
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thermally desorbed from the trap (250°C), separated by gas chromatography and quantified by
ICP/MS (Micromass Platform). The following isotopes of Hg were measured: '*’Hg (methylated
Hg), *°Hg (methylmercury demethylation assay), *' Hg (internal standard) and ***Hg (to
calculate ambient methylmercury). Peak areas were used for quantification and concentrations of
individual isotopes were calculated using an excel spreadsheet, employing matrix algebra, as
described in Hintelmann and Ogrinc (2003).

Hg Analysis QA/QC

For each batch of samples the following set of QA/QC samples was measured: 3 reagent
blanks (HgT) or bubbler blanks (MeHg) and a certified reference material (IAEA 356 marine
sediment and MESS-3 marine estuary sediment for sediment analysis and NIST 1515 apple
leaves for plant analysis). Individual distillation yields were determined using the added internal
*"Hg isotope standard.

RESULTS AND DISCUSSION

Background Information on Tidal Marsh Structure and Function

A central question arising from the biogeochemical study of mercury is, "How do
concentrations of parts per trillion of mercury in water yield concentrations of parts per million
in fish?" (Gilmour and Henry, 1991; Morel et al.,1998). To address this question it is important
to understand the behavior of mercury in coastal systems in the context of the structure and
function of that system. To this end we provide the following synopsis of selected relevant
features of tidal marshes in San Francisco Bay.

Importance of Hydrology and Elevation

Coastal wetlands depend upon tides and rainfall for their moisture. Rainfall is usually
restricted to the cool season, and freshwater runoff is limited largely to the wet periods. Hence,
during most of the warm growing season, the salt marsh vegetation receives water only from the
sea. Any alteration of tidal circulation, therefore, has a major effect on the entire wetland
ecosystem, both by changing the frequency of wetting and by altering salinities.

Intertidal wetlands exist as a continuum of habitats within coastal and estuarine systems
(Callaway, 2001). At HAAF, our experimental site, and China Camp, our reference site, this
range of habitats includes subtidal areas, intertidal flats, tidal creeks and channels, salt marsh,
and wetland-upland ecotones. In most natural marshes, sedimentation rates are in equilibrium
with relative sea-level rise, resulting in a stable elevation of the marsh plain. The marsh plain
usually stabilizes at elevations between Mean High Water (MHW) and Mean Higher High Water
(MHHW; Allen, 1990; Pethick, 1992; Allen, 1994). The relative elevation of the marsh surface is
affected by many factors. In addition to the feedback between elevation and sediment inputs
(both tidal and storm inputs), other factors are also linked to elevation via a feedback
mechanism. These include biomass production (above- and belowground) and decomposition of
the vegetation. Eustatic sea-level rise, subsidence, and tectonic activity affect the relative
elevation of the marsh, but without any feedback mechanism.
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Tidal Marsh Vegetation Zones

Three general zones of vegetation typically characterize the tidal salt marsh, each of
which is related to tidal elevation and distance from shore. Low tidal salt marsh occurs between
the lowest margin of the marsh and MHW. Middle tidal marsh occurs between MHW and
MHHW. High tidal marsh occurs between MHHW and the highest margin of the marsh. Tidal
marshes have a variety of important components including tidal channels. Large tidal channels
and their smaller tributaries form drainage networks that distribute tidal waters throughout the
marsh. Channel density (i.e., the amount of channel habitat per area of marsh plain) is directly
related to tidal prism, the volume of water that flows into and out of the marsh. Channel density
may also be related to salinity; salt marshes generally have denser networks of tidal channels
than do brackish marshes (Grossinger, 1995).

Spartina foliosa (Pacific cordgrass) and Salicornia virginica (common pickleweed) are
the dominant higher plant species in the San Francisco Bay tidal salt marshes. Pacific cordgrass
is usually the primary colonizer on broad tidal mudflats that fringe tidal marsh plains, and it
occurs in virtually pure stands in the low marsh between Mean Tidal Level (MTL) and MHW.
Midway within this tidal range it intermixes with Salicornia virginica (common pickelweed),
especially in the depressions in the marsh plain. In the middle tidal marsh, at elevations near and
above MHW, Pacific cordgrass yields to common pickleweed. The latter species is a perennial
succulent that dominates around the Bay. In the high tidal marsh, between MHW and the
maximum extent of the tides, common pickleweed occurs in association with peripheral
halophytes such as Distichlis spicata (saltgrass) and Atriplex triangularis (fathen). All three
zones described occur at both HAAF and China Camp.

Primary production, decomposition, and importance for the food web - Because MeHg is
efficiently biomagnified up many aquatic food webs, it is important to study mercury
biogeochemistry against the backdrop of wetland trophic structure. Marshes generally have a net
primary production rate that is higher than that of any other ecosystem type. In an overview of
primary production and biomass estimates for the world, salt marshes are listed as harboring on
average a mean biomass of 6.8 kg carbon m™, and having a net primary production rate of 1125
g carbon m™” yr' (Schlesinger, 1991). Primary production values published for California salt
marsh vegetation vary greatly, between 70 and 2858 g C m™ yr' (Table 1) depending on the
elevation within the marsh, influence of freshwater inputs, climate (latitude) and species
composition. Based on the latter production rates, a maximum aboveground biomass production
of 715 g DW per year was expected (2858 g C m™ yr™' x 0.25) in natural marshes, and of 996 g
DW m™ in multi-species, planted, marshes (Callaway et al., 2003). Inferences as to rates of
primary production based on casual observations of standing biomass can be misleading, because
of the differences in growth and senescence strategies among vascular macrophyte species, and
between algae and vascular macrophytes. For instance, in Mugu Lagoon, CA, primary
production of vascular macrophytes in the low marsh was lower than that of epipelic algal mats,
while primary production of vascular macrophytes in the high marsh was lower than that of
submerged macrophytes, but higher than that of phytoplankton (Onuf, 1987).

Part of the primary production is utilized by macroconsumers directly via herbivory of
live plant tissues or indirectly via the detritus pool. The importance of the various primary
producers of the marsh for the consumers is strongly influenced by the tissue quality of live and
dead plant material, situation within the marsh landscape relative to the sea, creeks and upland
area, and the physical-temporal separation between the primary producers and consumers (Table
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2; Onuf, 1987; Winfield, 1980). Strong food web linkages were found between macrophytes of
the low and high marsh, microalgae of marsh pools, macroalgae from the mid-marsh, and
invertebrates, fish, and clapper rails in San Dieguito Lagoon and Tiyuana Bay in southern
California, using a multiple stable isotope ratio approach (Table 3; Kwak and Zedler, 1997). At
this time a limited number of food web studies has been conducted, but none of these takes
biomagnification of MeHg into consideration.

Effects of Macrophytes on Their Rhizospheres

Besides influencing marsh elevation by trapping sediment (see above), marsh plants can
change the chemistry in their rhizosphere through physiological processes. These plant-mediated
changes can greatly affect the competing mercury methylation and demethylation competing
reactions in wetland surface sediments. Proton extrusion by roots may reduce rhizosphere pH (by
more than 2 units from that in the bulk sediment). By their reducing and oxidizing activities,
roots affect the redox potential in the sediment. Reduction in the rhizosphere is particularly
important for the acquisition of iron or other metals when present in their less-mobile oxidized
states in the sediment. On the other hand, roots in sediments can oxidize compounds in the
rhizosphere, largely by the release of oxygen. This can reduce the solubility of potentially toxic
ions like mercury, aluminum and sulfide. Roots often excrete exudates (e.g. organic acids) that
mobilize sparingly soluble micronutrients, or stimulate the activity of rhizosphere
microorganisms (after Lambers et al.,1998).

Our field observations in salt marshes bordering San Pablo Bay indicated that the redox
potential (E,) was below zero in all sediments (Table 4). In undisturbed compartments (i.e.,
outside the in situ incubated cores), Ej, fluctuated between —91 and -202 mV in non-vegetated
sediments, between —114 and —222 in epipelon-associated sediments, between —110 and —248
mV in S. foliosa-vegetated sediments, and between —127 and =213 mV in S. virginica-vegetated
sediments. In vegetated sediments fluctuations tended to be larger and showed lower negative
extremes than in non-vegetated sediments. Vegetation clearly affected Ej in the sediments of the
incubated cores (Fig. 5). Ej; tended to be less negative in illuminated vegetated cores than in
darkened vegetated cores, particularly at 10 cm depth in the sediment. Ej;, in non-vegetated cores
fluctuated between —99 and -203 mV and did not exhibit this trend. The main difference
between the Ej, profiles of vegetated and non-vegetated cores appeared to be that E;, was more
negative at 2.5 and 5 cm depth (in both light and dark conditions) in the presence than in the
absence of vegetation. This suggests a relationship between anoxic decomposition of plant
materials at these depths possibly establishing E;, conditions conducive for MeHg production
(see section ‘Factors controlling MeHg production’). pH values in the surficial sediments of
HAAF and China Camp (outside the incubated cores) ranged from 7.0 to 7.5 (Table 4). pH
values decreased in incubated cores to 6.6-6.7. Conditions in the sediment with pH 6.6 and E;
ranging from —180 to 0 mV or more positive would favor Hg speciation into Hg’, while those of
pH 6.6 and E}, ranging from —180 to —450 mV would favor Hg speciation into Hg”" (Fig. 6).

Current Levels of THg and MeHg in San Francisco Bay Wetlands

Several studies indicate that wetlands may contain considerable stores of MeHg in both
organic matter and pore water (Heyes, 1996), and may serve as source for the water body
immediately adjacent to it (St. Louis et al., 1994; 1996). However, although the potential
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importance of wetlands as sources of MeHg has been realized, only recently have studies of the
internal cycling of Hg or production of MeHg been initiated.

THg and MeHg in Sediment and Plant Portions

A summary of the THg and MeHg concentrations expressed on a dry weight (DW) basis
is shown in Table 5. THg concentrations in sediments were variable, but in the same order of
magnitude at HAAF and China Camp sites. Mean sediment concentrations ranged from 304 to
407 ng g' DW. THg concentrations were generally lower in plant material than in sediments,
and mean concentrations varied in macrophytes between 18 ng g”' DW (S. foliosa stems) and 330
ng g DW (S. virginica roots), and in epipelon between 288 and 296 ng g DW. THg
concentrations varied greatly with plant organ, and were higher in roots than in aboveground
plant organs.

MeHg concentrations in sediments were also variable, and in the same order of
magnitude at HAAF and China Camp. Mean sediment concentrations ranged from 0.79 to 1.80
ng g DW, and varied between 0.11 and 2.58 percent THg. MeHg concentrations in the
macrophytes usually exceeded those in the sediments in which they rooted, particularly when
incubated under ambient irradiance. Mean MeHg concentrations in plant materials varied
between 1.08 ng ¢! DW in S. foliosa stems to 5.59 ng g”' DW in S. foliosa roots. Also in this
case, concentrations varied greatly with plant organ, and were higher in roots than in
aboveground plant organs.

The THg concentrations in plant portions found in this study are high relative to those
measured in other studies, but the MeHg concentrations are in the same range as published for
other wetlands. Our values are 13-205 ng g”' for THg in aboveground, and 217-297 ng g™ in
belowground biomass. MeHg was 0.55-1.64 ng g in aboveground and 0.98-5.26 ng g in
belowground biomass (Table 6). The high THg and MeHg values measured in the stems of S.
foliosa are probably artifacts due to adhering sediment particles. For comparison we provide
mercury levels measured in other wetland plants. Mercury levels in plants from a freshwater
wetland in Ontario, Canada, are 22 to 80 THg ng g' DW and 0.18 to 1.04 ng g’ MeHg DW
(Heyes et al., 1998). Plants in Chapman’s Marsh salt marsh in New Hampshire are 8 to 34 ng g”'
THg DW, and 0.1 to 4 ng g MeHg DW (Heller and Weber, 1998).

Light-Dark Comparison

In our study concentrations of THg were higher in aboveground plant organs incubated in
light than those incubated in darkness, particularly in the stems. In contrast, the concentrations
were similar in roots incubated in the light and in darkness (Table 6). This may indicate transport
of THg from roots to shoots is driven by light, possibly by increased evapotranspiration. These
results support the recently suggested hypothesis that Hg’ emissions above cattail and sawgrass
vegetation increase with increased evapotranspiration and photosynthesis while emissions were
negligible at night (Lindberg et al., 2002; Dong et al. in press).

In the current study, the MeHg concentrations were higher in the aboveground plant
organs of S. foliosa incubated in light compared to those incubated in darkness. There were no
differences in mercury levels in the roots between light and dark incubations in the roots of S.
foliosa. No difference was seen for Salicornia virginica. This may indicate a higher availability
of MeHg in the sediment for uptake by S. foliosa, or a higher availability of energy in the plant
species itself to fuel uptake and root-shoot transport.
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Rates of MeHg Production

Rates of Methylation and Demethylation in Sediments of Marsh Zones

The standing pool sizes of MeHg are the difference between the rates of methylation of
Hg”" and demethylation of MeHg. We injected a mixture of *’Hg*" and Me?*’Hg into three
different sediment horizons and incubated the sediments in situ. We assume that '*’Hg*" and
Me**’Hg were equally available to the microorganisms in the effected areas of the sediment. This
method produces the best data on ratio of rates of methylation to demethylation currently
available. However, because the '*’Hg®" labeled tracer is diluted by the sedimentary pool size of
mercury available for methylation, calculations of methylation rates require measures of mercury
available for methylation. Since no one knows how to measure the size of the bioavailable
mercury pool we assume that the mercury in the sediment, THg, is available for methylation.
However, the amount of mercury available for methylation is probably only a fraction of THg,
and, therefore, our methylation rates may be considered as ‘potential’ rates.

Data generated in this study and by others (Hintelmann et al., 2000) have shown that the
MeHg standing pool size is very variable with respect to space and time. The first indication of
this variability is seen in the relatively large standard deviations around mean MeHg
measurements within a given habitat (e.g., Table 6). Since the standard error of this measurement
on homogenized HAAF sediment was shown to be less than 5%, the observed standard
deviations must represent the actual spatial heterogeneity. These standard deviations may have
been reduced by slurrying the root zone sediments, but this would have probably resulted in
artificially raising the rates measured. However, our standard deviations were not wider than
others recently reported.

The trends in mean rates of '*’Hg methylation consistently showed that photosynthetic
activity increased the rates of Hg methylation in the root zones of S. foliosa and S. virginica in
HAAF sediment (Table 7, 8). The same trend was seen for the sediment covered by an epipelic
mat and sediments containing benthic algae without a visible algal mat cover. This trend was not
obvious in China Camp sediments. No clear trend was noticeable in the mean rates of Me*"’Hg
demethylation (Table 8). By recalculation of the methylation and demethylation rates on a dry
sediment basis using the appropriate LOI values (Table 5, foot note), it was found that the
methylation:demethylation ratio was >1 in all sediments (Table 9). The epipelon-vegetated
sediments exhibited the highest ratio and the non-vegetated sediments the lowest ratio. The
methylation:demethylation ratios found in this study for non-vegetated sediments are higher than
found by Marvin DiPasquale et al. (2003), i.e. 2.45 versus 1.24. This study’s methylation:
demethylation ratio for vegetated sediments ranges from 2.45 to 7.13, while Marvin DiPasquale
et al. (2003) reported a ratio of 3.38.

Sedimentary Microbial Community Biomass

Microorganisms are the agents that are primarily responsible for both the methylation of
Hg”" and the demethylation of MeHg. In non-vegetated sediments microbial biomas